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u- « laser system. In particular the 
TWS invention reiates to « - - used - • - *~ * 

invention rentes to a pass W e Q- w*ch The Q . swltch may 

produ ce laser puises having vanabe «J* of me laser pu ,ses 

, nc , ud e a semiconductor wafer The outpu ^ ^ ^ output 
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BACKGROUND OF THE INVENTION AND PRIOR ART 

a „d effective technique to achieve optica, puises 
Q. s wi.chingisacommonand e«e<* ^ These 

with short duration, high nonUnear studies, medicine, iaser 

, laracteristics are required for laser ran^ ^ ^ „ 

using an active device which . ' „ has n0 exte rnal 

aching can aiso he performed us ng pas ^ ^ ^ The 

— ■ but Tnixr:::^ -« - ■ °- s " 

25 present invention relates ra 

method. saturab ,e absorber as a Q-switch 

Passive Q-switching employing a materia , s 
element is economical, simple and practical. There a 

a „d configurations for passive Q-switch'ng. ^ . ssued to 

U.S. Pat. No. 3,997,854 en«led Pass" ^ of 

50 Bu ohman et al, discloses a P^^^l N o. 4,3,030 en«tled 
dye used on the laser waveleng* c ^ • ^ Q . swftcMn9 

Aching Lase,, issued to Midavaine ^ ^ ^ , s . Pat . 

m e.hodwi* absorption gas used on the iaser 
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Nn 5 414 724 entitled "Monolithic Self Q-Switched Laser, issued to Zhou et al, 
1^ — se,f-Q-swi,ched laser with * £ 
oenerate laser pulses at the wavelength of 1.06 urn. U.S. Pat. No. 5,832 008 

L * o m i ci^r" issued to B rnbaum et al, discloses a 
Absorber Q-Switches for 2-nm Laser" , .ssuea 

i discloses a Fabry-Perot saturau satura ble absorber in 

quantum well of AlAs/GaAs, which can be used as a saturab, 
passive Q-switching and passive modeling. ,. was also used as 

mimr :rrr n : C:™- - -P- characteristics of a 
" in,hS « absorbers are Known to be Key elements for passive Q 

-■sr. " - - « — ; 
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L * tunable passive Q-switch that is a 

opera ,e. l. m , ~ reduced 

simple dev.ce regumng no e*e ^ 
operating costs and can use . piere o. GaAs wafer ins.de 

Kai ava et al lOpt.cs fc ^ pass ive Q-swi«ch.ng. The 

tne cavKy o. an end-pumped ™^ changing m pu mp power, the 

GaAs wafer has a fixed transmrtta nee value- » ^ pu|se 

output characteristics of "^^J^- „ using pump power as 
du ra«on, wii. vary. However .her are d ^ may drM away 

the control variable as the em,ss,o — g may ^ . long time 

{rom its optimum vaiue.. he tempeature of. he ^ change 

to stabil.se, and the beam quality of the Nd. 

substantially. theoretical studies IJ. H. Gu. et al, SPIE 

Through expenmenta r £ h » ^ ^ ^ wafers used 

Vol. 3398. PP.170-177, November 1999] . Furt h e rmore, 

for passive o--« - a ;::ri::: by «. ^ ~* 

effective transmittance of a GaAs wa o( tne pa ss,vely O, 
cou ,d create a large impact on were made and the 
switched laser. Based on this pnor art, further ,mp 
following details the improvements. 
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SUMMARY OF THE INVENTION 
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By applying gradient coating on . . ■ ^ There(ore , US ing a single piece of 



inchangingtheiaseroutputcharactens.^ g ^ 

According to the present ,nven on h J P # ^ ^ , 0 

pa ss,ve O-switch ^.^SSl--- «*• 3 ' aSln9 
prod uoe ,aser pui^s omittance means at the lasmg 
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A mninv a NdYV0 4 crystal lasing at the 

Q-swi.ch. This wafer may also serve as the outpu P ^ ^ 

The Q-switch may include a wafer o ^ ^ ^ 

w a,er may be coated ^^Z^, such « ~- 

— • Varia, ' 0nS r t ^ re n< transmissions. The varied can a.so be 
patches of the wafer may gl ve Afferent Qr ^ a 

effected in a gradual manner along a "t e ° Q . switehe d laser pulses 
bilinear path on the wafer. The paramet , aser cavNy . 
, may be ad.sted by moving^ GaAs wafer, which has 

Typically, the Q-swrtch uttaes a p. |r ^ Q ^ 

. ~-s£=^==. 

candidates. d las ers for scientific 

The dev,ce can be appLed . hining (e . g . sensors and 

and tachnoiogical applications such as ( ^ creal)10|Wh y. 

-^■^^^J^**,^ studies (tattoo remove,, 
25 laser assisted thin film depos.t,on, etc.). b,omed 

dental treatment, etc.), etc. 

BRIEF DESCRIPTION OF THE DRAWINGS 

with reference to the accompanying drawings where,, 

, ■ n nf a laser system that utilizes the present 
FIG. 1 is a schematic draw.ng of a laser sy 
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FIG 2a shows a typical measured transmission distribution curve of the 
passive Q-switch shown in FIG. 1. using a piece of graded GaAs wafer as the 
tunable element at the wavelength of 1 .06 urn; 

FIGs. 2b(i) to 2b(iv) show typical patterns and structure for the passive Q- 

switch; . 
FIG 3 shows typical measured results of variations of pulse duration and 

pulse repetition rate of the Q-switched pulses when the wafer is adjusted along 

its length direction, while keeping all other operating conditions of the laser 

system unchanged; 

FIG 4 shows typical measured results of variations of averaged power 
and peak power of the Q-switched output pulses when moving the wafer along 
its length direction, while keeping all other operating conditions of the laser 

system unchanged; and 

FIG 5 shows a typical oscilloscope trace of a laser pulse as a funct.on of 
time for the laser system of FIG. 1 , using a GaAs wafer as a Q-switch as well as 
an output coupler of FIG. 2a. 

DETAILED DESCRIPTION OF THE INVENTION 

FIG 1 illustrates schematically the use of a semiconductor wafer in a laser 
system including a pumping source 10, a beam shaping system 20, a laser ga,n 
materia, 30, and a passive Q-switch 40, which aiso serves as the output coup er 
for the laser system. In an alternate embodiment, the tunable passive Q-sw,tch 
may not operate simultaneously as the output coupler of the laser systenv In 
, such a case, in line with common practice in the trade, a partially transmtUng 
mirror at the laser wavelength may be used as the output coupler. 

The pumping source 10 consists of a diode laser 11 and delivery opt,cal 
fiber 12, providing a pumping laser beam 13, which has a center wavelength 
matching the absorption peaK of the iaser c^sta, 32. The laser beam , «. 
. collated by a first lens 21 and then focused by a second lens 22 to a laser 
crystal 32. The laser crystal 32 is 1% (by atomic weight) doped Nd.YVO,, wrth 
one facet 31 anti-reflection (AR) coated a. the wavelength of 808 nm and h.gh- 
reflection (HR) coated at the wavelength of 1.06 urn and serving as a totel 
reflection mirror of the laser cavity, and another facet 33 AR coated at the 
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wavelength of 1.06 urn. Element 40 includes a piece of semiconductor wafer 41, 
which is coated gradually on its surface 42 and/or surface 43, and a miniature 
translation stage 44, on which element 41 is mounted. Element 40 serves as a 
passive Q-switch as well as the output coupler of the laser cavity. 

In other embodiments, the end-pumping geometry may be altered or 
simplified. In yet other embodiments, the laser medium 30 may be pumped by 
the diode laser 10 from the side, or may be pumped simultaneously from the end 
and by the side. 

FIG.2a shows details of an example of the Q-switch element 40. The 
element 40 is a piece of undoped GaAs wafer with a dimension of 20 mm in 
length, 10 mm in width and 625 nm in thickness. Its two faces are optically 
polished, and both of its two surfaces are gradually coated with AR coating. The 
curve in FIG. 2a indicates the measured distribution of transmission at the 
wavelength of 1.06 ^m in the direction along the length of the wafer. It has a 
homogenous transmission distribution in the direction along the width of the 
wafer. 

In other embodiments, one side of the wafer may be coated to provide 
variable transmission, and the other side of the wafer may be uncoated. In yet 
other embodiments, discrete patches giving different transmittance values may 
be used instead of a graded structure, or variation of transmittance may be 
effected by rotation instead of linear translation. Variable transmittance may also 
be effected by using a semiconductor with variable thickness, e.g., a wedge. 
Typical patterns and structures for element 41 are shown in FIGs. 2b(i) to 2b(iv). 

In FIG. 2b(i), element 411 represents a rectangular structure of element 
41 with a gradient distribution of transmittance and in Fig.2(b)(ii) element 412 
represents a rectangular structure of element 41 but with a discrete distribution of 
transmittance. In Fig.2b(iii) element 413 represents a circular structure of 
element 41 with a gradient or discrete azimuthal distribution of transmittance and 
in Fig.2b(iv) element 414 represents a wedged structure of element 41, having a 
different transmittance at each different thickness. 

One theory of using a semiconductor material for passive Q-switching is 
presented herein. More detailed descriptions can be found in J.H. Gu et al 
(Optical Engineering, 38 (11), pp. 1785-1788 (1999). The bandgap of GaAs is 
1.42 eV and the photon energy of the laser radiation at the wavelength of 1.06 
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urn is 1.17 eV. Therefore, there is no band-to-band absorption occurring at this 
wavelength. However, because the EL2 defect energy level is 0.82 eV below the 
conduction band, GaAs exhibits saturable absorption characteristics at the 
wavelength of around 1.0 um, mainly contributed by processes of two-photon- 
absorption and free-carrier-absorption. The property of saturable absorption 
makes GaAs a good candidate to be used as a saturable absorber in a laser 
cavity to perform passive Q-switching. 

Q-switching is accomplished by making the cavity loss an explicit function 
of photon density, as in the case of the passive Q-switching by saturable 
absorption of GaAs. In the present invention, element 40 provides both saturable 
loss as a saturable absorber and coupling loss as an output coupler of the laser 
cavity. The parameters of passively Q-switched laser pulses, such as pulse 
duration, pulse repetition rate, peak power, and averaged output power, are 
determined by the loss property of the laser cavity. 

According to conventional rate equations which can be used to describe 
the output characteristics of Q-switched operation, it is well known that under a 
certain pumping condition, the loss of the laser cavity will be a unique parameter 
determining photon density inside the laser cavity and population inversion 
density within the laser gain material. Therefore, the parameters of the Q- 
switched laser pulses can be adjusted by changing the loss property of the laser 
cavity. This makes it possible to improve a major disadvantage of passive Q- 
switching, namely its general inability to provide adjustability to its output 
characteristics. 

In the present invention, adjusting translation stage 44 to move element 
40 with properties as indicated in FIG. 2a along its length, will change the 
transmission of the output coupler as well as the loss properties of the laser 
cavity. Therefore, the parameters of the passively Q-switched laser pulses can 
be adjusted continuously or discretely. 

FIG. 3 shows a typical result of variations of measured pulse duration and 
pulse repetition rate from the laser system shown in FIG. 1 at different locations 
when the element 40 is moved from one end to the other. Pulse duration 
increases from 5.7 ns to 14.5 ns and the corresponding pulse repetition rate 
increases from 250 kHz to 1.0MHz when the distance to the edge with low 
transmission is increased from 4 mm to 16 mm, while keeping all other 
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parameters of the laser operation unchanged: the beam power of the pumping 
diode laser is 3.9 W at the wavelength of 808 nm; the laser crystal 32 has a 
dimension of 3 mm x 3 mm x 5 mm; the gap between the GaAs wafer 41 and the 
laser crystal 32 is 1 mm; and the physical length of the laser cavity is 6 mm. 
During adjustment, the transmittance of element 40 increases from 4.8 % to 45.6 

% as shown in FIG. 2a. 

FIG. 4 shows the variation of measured averaged output power and peak 
power from the passively Q-switched laser system of FIG.1 operating with the 
same settings described above. The average output power increases from 0.17 
W to 0.4 W when the transmittance increases from 4.8 % to 45.6 %. 

In another embodiment, the shortest pulse duration obtained from the 
passively Q-switched laser system is 1 .6 ns. This is evident from the oscilloscope 
trace of the temporal development of a laser pulse shown in FIG.5. The results 
are obtained with element 40 being a piece of GaAs wafer with a thickness of 
625 urn and with one side uncoated and the other side coated to form a gradient 
transmission profile. The measured output characteristics of the passively Q- 
switched pulses have similar tuning capabilities as described above by adjust.ng 

the position of element 40 in FIG.1 . 

The present invention may thus provide a means of passively Q-switching 
a laser system with a variable transmittance semiconductor wafer as a Q-switch 
element The wafer can double-up as an output coupler. Using this device, the 
operating characteristics of the passively Q-switched laser pulses can be 
adjusted by changing the location of the wafer while keeping the laser operating 
parameters unchanged. Such characteristics include the pulse duration, pulse 
repetition rate, and output power of the laser beam. 

Although the present invention has been described with reference to a 
particular embodiment, viz. a diode-pumped solid-state laser, it will be apparent 
to persons skilled in the art that the present invention may be applied to other 
kinds of solid-state lasers, such as lamp-pumped solid-state lasers, and surtable 
lasers in general. Furthermore, the present invention can also be used for other 
IR wavelengths because certain types of semiconductor materials and bandgap- 
engineered materials have the properties of both saturable absorption, wh.ch ,s 
required as a passive Q-switch, and partial transmission in the IR spectrum 
which is required as an intracavity element or as an output coupler. 



Finally, it is to be understood that various alterations, modifications and/or 
additions may be introduced into the constructions and arrangements of parts 
previously described without departing from the spirit or ambit of the invention. 



